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Summary
Riboswitches are noncoding mRNA elements that
bind small-molecule metabolites with high affinity
and specificity, and they regulate the expression of
associated genes. The thi-box riboswitch can exhibit
a 1000-fold higher affinity for thiamine pyrophosphate
over closely related noncognate compounds such as
thiamine monophosphate. To understand the chemical
basis of thi-box pyrophosphate specificity, we have de-
termined crystal structures of an E. coli thi-box bound
to thiamine pyrophosphate, thiamine monophosphate,
and the structural analogs benfotiamine and pyrithi-
amine. When bound to monophosphorylated com-
pounds, the RNA elements that recognize the thiamine
and phosphate moieties of the ligand move closer
together. This allows the riboswitch to recognize the
monophosphate in a manner similar to how it recog-
nizes the b-phosphate of thiamine pyrophosphate.
In the pyrithiamine complex, the pyrophosphate bind-
ing site is largely unstructured. These results show
how the riboswitch can bind to various metabolites,
and why the thi-box preferentially binds thiamine
pyrophosphate.
Introduction
Recently, a new mechanism of gene regulation was dis-
covered in which highly conserved noncoding mRNA el-
ements directly bind to small-molecule metabolites and
control the expression of nearby coding regions (Nudler
and Mironov, 2004; Soukup and Soukup, 2004; Tucker
and Breaker, 2005; Vitreschak et al., 2004; Winkler,
2005; Winkler and Breaker, 2003). Binding of the metab-
olite induces a switch in the mRNA structure, which, in
turn, leads to the presentation or occlusion of Shine-
Delgarno sequences, the formation or destabilization
of transcription antiterminator stems, the activation of
splice sites (Kubodera et al., 2003; Sudarsan et al.,
2003), or the activation of ribozymes (Barrick et al.,
2004; Winkler et al., 2004). Metabolite-sensor ribos-
witches that respond to a wide variety of compounds
have been found in bacteria, archaea, and fungi (Rodio-
nov et al., 2002; Sudarsan et al., 2003), and they appear
to regulate over 2% of some bacterial genomes (Winkler
and Breaker, 2005). Most riboswitches can be dissected
experimentally into an ‘‘aptamer’’ domain that specifi-
cally recognizes a metabolite and an ‘‘expression plat-
form’’ domain that interfaces with the transcription,
translation, or splicing machinery. The aptamer domains
*Correspondence: aferre@fhcrc.orgare highly conserved elements, whereas the expression
platforms are variable. Initial structural and biophysical
studies of riboswitches have focused on aptamer do-
mains (Batey, 2006; Batey et al., 2004; Serganov et al.,
2004).
The thiamine pyrophosphate-sensing riboswitch, or
‘‘thi-box’’ RNA (Miranda-Rios et al., 2001), was one of
the earliest discovered riboswitches (Mironov et al.,
2002; Winkler et al., 2002). The thi-box is currently the
most widespread known riboswitch, with hundreds of
examples found across phylogeny from bacteria to
archaea to fungi (Griffiths-Jones et al., 2005; Rodionov
et al., 2002; Sudarsan et al., 2003). Like other ribo-
switches, the thi-box binds to its cognate metabolite
with high affinity and specificity (Winkler et al., 2002).
Although the actual affinity varies between different
thi-box RNAs, some thi-box RNAs can bind to thiamine
pyrophosphate (TPP) with dissociation constants as
small as 20 nM (Yamauchi et al., 2005). Remarkably,
the polyanionic RNA can discriminate TPP from thia-
mine monophosphate (TMP) with between 10-fold and
1000-fold greater affinity and from the cationic thiamine
with w1000-fold greater affinity (Winkler et al., 2002).
Recently, the antimicrobial agent pyrithiamine pyro-
phosphate (PTPP) has been shown to bind to the thi-
box riboswitch and thereby downregulate thiamine
production in Bacillus subtilis and Aspergillus oryzae,
demonstrating that riboswitches are potential targets
for structure-based design of antibacterial and antifun-
gal reagents (Sudarsan et al., 2005).
Crystal structures of the Arabadopsis thaliana thiC
riboswitch (Thore et al., 2006) and the Escherichia coli
thiM riboswitch (Serganov et al., 2006), both in complex
with TPP, have been reported recently. Here, we extend
those studies by examining the structural basis for the
high preference of the riboswitch for TPP over mono-
and nonphosphorylated compounds. We report crystal
structures of the E. coli thiM thi-box riboswitch bound
to TPP and to the structurally related compounds
TMP, benfotiamine (S-benzoyl thiamine monophos-
phate [BTP]), and pyrithiamine (PT). Our results demon-
strate adaptive recognition by the RNA of the mono-
phosphorylated compounds and reveal the structural
underpinnings of preferential TPP binding.
Results and Discussion
Structure of Thi -Box Bound to TPP
We solved the crystal structure of an 83 nucleotide (nt)
E. coli thiM riboswitch (Figure 1) bound to TPP (Experi-
mental Procedures and Table 1). This structure is very
similar to the recently reported structures of a 77 nt A.
thaliana thiC riboswitch (Thore et al., 2006) and of a 80
nt E. coli thiM riboswitch (Serganov et al., 2006). Overall,
the thi-box riboswitch resembles a Y and is comprised
of three irregular, double-helical stems. Two of these,
the ‘‘pyrimidine sensor helix’’ and the ‘‘pyrophosphate
sensor helix,’’ together encapsulate TPP (Thore et al.,
2006). Superposition of our crystal structure with the
A. thaliana thiC structure demonstrates similar folds,
Structure
1460Figure 1. Sequence, Secondary Structure, and Conservation in the thi-Box Riboswitch and Chemical Structures of Its Cognate Ligand and
Analogs
(A) Primary and secondary structure of the E. coli thiM thi-box riboswitch used for crystallization experiments. Nomenclature for various RNA
segments follows that of Serganov et al. (2006).
(B) Primary and secondary structure of the consensus thi-box riboswitch; nucleotides that are >90% conserved throughout phylogeny are shown
in bold, and generally conserved Watson-Crick pairs and loop nucleotides are shown as closed circles. ‘‘R’’ denotes either purine, and variable
length segments are depicted as dots and are marked by ‘‘var.’’
(C) Chemical structures of thiamine pyrophosphate (TPP), thiamine monophosphate (TMP), benfotiamine (S-benzoyl thiamine monophosphate,
BTP), and pyrithiamine (PT). The aminopyrimidine ring of TPP is on the left, and its thiazole ring is in the center. Numbers denote the IUPAC
convention for thiamine numbering.with only minor variations due to insertions and dele-
tions in nonconserved segments of the RNA chain
(Figure 2A), including stem P1 and loop L3. The latter
differences are probably due to crystal packing.
Regions of high phylogenetic conservation in the thi-
box riboswitch cluster around the metabolite (Figure 2B).
The aminopyrimidine ring of TPP is almost completely
buried by surrounding conserved residues, whereas
the pyrophosphate is buried on one face by conservedresidues and is solvent accessible on the other face
(Figure 2B). With the exception of U62, which forms
part of a structurally important kink and is extruded
from its helix, all conserved nucleotides either contact
the metabolite directly or through solvated metal ion-
mediated contacts or are involved in positioning resi-
dues that contact the metabolite. The aminopyrimidine
ring of TPP stacks between residues G42 and A43 and
hydrogen bonds to G40 in J3/2 of the pyrimidine sensorTable 1. Crystallographic Statistics
Metabolite TPP TMP BTP PT
Divalent cationa Mn2+ Ca2+ Ba2+ Ca2+ Ca2+ Ca2+
Diffraction Datab
Wavelength (A˚) 1.00 1.5418 1.00 0.95 1.2147 1.5418
Unit cell (A˚) a = 64.7, c = 101.9 a = 66.3, c = 101.6 a = 65.5, c = 101.7 a = 65.7, c = 101.7 a = 61.4, c = 102.9 a = 61.3, c = 103.6
Resolution (A˚) 30–2.5 (2.59–2.50) 30–3.2 (3.31–3.20) 30–2.9 (3.00–2.90) 30–2.85 (2.95–2.85) 30–3.0 (3.11–3.00) 15–3.3 (3.42–3.30)
Rmerge (%) 6.2 (54.8) 12.5 (48.8) 9.8 (45.7) 12.4 (39.0) 10.7 (39.1) 14.6 (43.1)
<I>/<s(I)> 31.2 (2.8) 26.8 (8.1) 25.5 (3.8) 16.4 (2.1) 19.1 (2.5) 10.5 (3.3)
Reflections 8298 (758) 4210 (403) 5517 (459) 5263 (201) 4293 (291) 2978 (303)
Completeness (%) 100 (99.8) 100 (100) 100 (99.9) 92.6 (52.6) 98.1 (87.7) 91.5 (92.9)
Redundancy 5.3 (5.4) 10.5 (10.5) 13.3 (11.0) 5.4 (2.6) 7.5 (4.5) 2.5 (2.5)
Refinementc
Rfree/Rcryst (%) 25.7/22.9 29.1/21.4 24.4/21.0 26.6/20.3 27.5/21.2 33.1/25.1
Rmsd bonds (A˚) 0.008 0.006 0.020 0.006 0.007 0.007
Rmsd angles () 1.37 1.27 2.31 1.28 1.32 1.23
Mean B factor (A˚2) 45.0 57.5 36.3 79.1 80.6 52.2
Luzzati error (A˚) 0.39 0.36 0.36 0.38 0.42 0.49
PDB ID 2HOJ 2HOK 2HOL 2HOM 2HOO 2HOP
a All thi-box-metabolite complexes were folded in Mg2+ prior to crystallization in the presence of various divalent cations.
b Values in parentheses are for the highest-resolution shell.
c Refinement was against all observed structure factor amplitudes, with a random 10% omitted and used for calculation of Rfree.
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son of thi-Box Riboswitches
(A) Superposition of the crystal structure of
an A. thaliana thiC thi-box riboswitch bound
to thiamine pyrophosphate (gray) (Thore
et al., 2006) with the E. coli thiM thi-box crys-
tal structure (this work). The pyrophosphate
sensor helix is colored blue, and the pyrimi-
dine sensor helix is red. The least squares
superposition results in an rmsd of 1.1 A˚ for
all shared C10 atoms.
(B) Phylogenetic conservation >90% (red)
mapped on a molecular surface representa-
tion of the E. coli thiM thi-box riboswitch
bound to TPP. Nonconserved nucleotides
are shown in gray, and TPP is shown in green.
Water molecules and metal ions are not
depicted.helix. The pyrophosphate is positioned close to residues
59–61 and 75–78 in J4/5 and J5/4, respectively, of the
pyrophosphate sensor helix.
The pyrophosphate moiety of TPP is recognized by
the thi-box riboswitch through two divalent cations
(Figure 3A) and their inner sphere-coordinated water
molecules. An anomalous difference Fourier synthesis
calculated with amplitudes from a crystal grown in the
presence of Mn2+ and TPP as well as phases from a par-
tially refined crystallographic model missing the metab-
olite and any metal ions revealed two large peaks. These
large anomalous features (greater than eight standard
deviations above mean peak height) definitively indicate
that the pyrophosphate is coordinated by two Mn2+
ions. Crystallographic refinement of a model incorporat-
ing TPP and the two bound divalent cations resulted in
a jFoj 2 jFcj residual difference Fourier synthesis that, in
turn, revealed the locations of seven well-ordered water
molecules, which together with oxygen ligands from the
pyrophosphate and the RNA complete the octahedral
coordination shells of the two cations.
We also determined structures of the TPP bound thi-
box riboswitch grown in the presence of a mixture of
Mg2+ and Ca2+ and in the presence of Ba2+, both of
which are in excellent agreement with our Mn2+ bound
structure. For the data set obtained from a crystal grown
in the presence of a mixture of Mg2+ and Ca2+, a strong
anomalous signal was observed for MA, but the anoma-
lous signal was not strong enough to positively identify
MB as a Ca
2+ ion (data not shown). However, the results
of B factor refinement are consistent with both divalent
cations being Ca2+ ions. For the data set obtained
from a crystal soaked in the presence of Ba2+ ions, MA
and MB were identified as Ba
2+ ions based on an anom-
alous signal (data not shown). Our structures demon-
strate that the thi-box riboswitch can employ a variety
of divalent cations such as Mn2+, Ca2+, or Ba2+, in addi-
tion to Mg2+ for TPP recognition, regardless of their
different radii. This is consistent with the inner sphere-
coordinated water molecules of the metal ions mediat-
ing most of the RNA-pyrophosphate interactions. The
only direct contact between the RNA and the pyrophos-
phate of TPP is a hydrogen bond between N1 of G78 and
a nonbridging oxygen of the b-phosphate of TPP (Fig-
ure 4A). Two inner sphere coordinations are made by
the exocyclic oxygen atoms of G60 and G78 to cation
MA (Figure 4A). All other RNA-pyrophosphate interac-tions are through inner sphere metal ion-coordinated
water molecules. This result is in agreement with the
2.05 A˚ resolution crystal structure of the E. coli thiM
riboswitch in complex with TPP and two Mg2+ ions (Ser-
ganov et al., 2006), but it differs from the structure of the
A. thaliana thi-box-TPP complex in which a single Mg2+
ion was proposed to mediate metabolite binding (Thore
et al., 2006).
Structure of Thi -Box Bound to TMP
The two metals ions that mediate recognition of the
pyrophosphate of TPP by the thi-box riboswitch primar-
ily coordinate the b-phosphate of the metabolite. Thus,
the TPP bound thi-box riboswitch structures (Serganov
et al., 2006; Thore et al., 2006) do not indicate how the
riboswitch might bind to TMP or other monophosphory-
lated compounds or whether the interface between the
RNA and those compounds would involve one or two
cations. TMP is a close structural analog of TPP, yet it
is bound by thi-box riboswitches with 10- to 1000-fold
lower affinity than TPP, depending on the thi-box ribo-
switch sequence (Winkler et al., 2002). It has been sug-
gested that the reduced affinity for TMP arises from
the inability of this smaller metabolite to span the dis-
tance separating the pyrimidine and pyrophosphate
sensor helices of the riboswitch (Serganov et al., 2006).
The unbiased electron density present in the ligand
binding site of our thi-box-TMP complex structure sug-
gests that the monophosphorylated metabolite binds to
the RNA also employing two divalent cations (Figure 3B).
Thus, it appears that the single phosphate of TMP coor-
dinates two divalent metal ions, modeled here as Mg2+
ions, when bound to the riboswitch. Moreover, the thi-
box recognizes the single phosphate of TMP much in
the same way (Figure 4B) as it does the b-phosphate
of TPP (Figure 4A). N1 of G78 directly coordinates MA.
Only one of the inner sphere-coordinated water mole-
cules of MA is visualized at the current resolution limit
(2.85 A˚). This water hydrogen bonds N1 of A61 and N3
of C77; equivalent interactions are seen in the TPP com-
plex (Figures 4A and 4B). Although no other coordina-
tion waters of MA and none of the coordination waters
of MB can be identified at the current resolution limit,
both cations are located at distances from the RNA
comparable to those seen in our TPP complex structure
(Figures 4A and 4B) and in the TPP complex structure of
Serganov et al. (2006). For example, distances between
Structure
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and A75 and G76 were within 0.2 A˚ of those reported
for the TPP complex by Serganov et al. (2006). This is
well within the coordinate error for our TMP structure
(0.38 A˚, Table 1). This suggests that the interactions
between the two bound Mg2+ ions and the RNA, which
are primarily mediated by the inner sphere coordination
waters of the cations, are unchanged between the TPP
and TMP structures.
The thi-box recognizes the aminopyrimidine rings of
TMP and TPP in exactly the same way. How can the
RNA make equivalent interactions with both ends of
two metabolites of different lengths? Superposition of
the TMP and TPP bound thi-box structures (Figure 5A)
reveals that the RNA becomes more compact in order
Figure 3. Experimental Electron Density for TPP and Analogs Bound
to the E. coli thiM thi-Box Riboswitch
(A) Residual jFoj2 jFcj electron density calculated with phases from
a model missing TPP and water bound cations (subjected to simu-
lated annealing after removing metabolite and active site metal
ions and waters, followed by minimization and B factor refinement)
contoured at 3.5 and 6 standard deviations (blue and purple mesh,
respectively) above mean peak height (s). Anomalous difference
electron density contoured at 5s is shown as yellow mesh. Metal
ions are shown as gold spheres.
(B) jFoj2 jFcj electron density corresponding to TMP contoured at 3
and 6s (blue and magenta mesh, respectively).
(C) jFoj 2 jFcj electron density for BTP contoured at 3 and 5s (blue
and magenta mesh, respectively).
(D) jFoj2 jFcj electron density for PT contoured at 1.5 and 2.5s (blue
and magenta mesh, respectively).to enable equivalent interactions between the pyro-
phosphate sensor helix of the riboswitch and either the
monophosphate of TMP or the b-phosphate of TPP.
This compaction is achieved primarily by rigid-body
movement of nucleotides in J4/5, J5/4, and P4 relative
to the rest of the riboswitch. The J4/5, J5/4, and P4 seg-
ments of the TMP and TPP bound structures superim-
pose with an rmsd (0.3 A˚) that is of the order of the
Figure 4. Atomic Interactions of the thi-Box Riboswitch with Metab-
olite and Analogs
(A–D) Interactions of the thi-box riboswitch and bound cations with
(A) TPP, (B) TMP, (C) BTP, and (D) PT. The pyrophosphate sensor
helix in shown in blue, the pyrimidine sensor helix is shown in red,
metal ions are shown in light blue, and water molecules are shown
in red. Hydrogen bonds and inner sphere metal coordinations are
shown as dashed and solid lines, respectively.
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tures. Movement of J4/5, J5/4, and P4 shrinks the dis-
tance between N3 of G40 (of the aminopyrimidine bind-
ing pocket) and O6 of G78 (which makes an inner sphere
coordination to MA) from 19.2 to 18.0 A˚. Similarly, the
distance from N3 of G40 to O6 of G60 (which also makes
an inner sphere coordination to MA) shrinks from 19.0 to
17.9 A˚. In addition, TMP becomes more elongated in or-
der to bridge the pyrimidine and pyrophosphate sensor
helices. The distances from N3 of the aminopyrimidine
ring to the a- and b-phosphates of TPP are 10.6 and
12.9 A˚, respectively, whereas the distance from N3 to
the phosphate of TMP is 11.9 A˚.
Structure of Thi-Box Bound to BTP
BTP is a lipid-soluble synthetic analog of TMP (Babaei-
Jadidi et al., 2003) that lacks the thiazole heterocycle of
TMP (Figure 1C). In-line cleavage analysis of TPP, TMP,
and BTP binding to a thi-box riboswitch showed that
BTP was less than half as active as TPP or TMP at a con-
centration of 40 mM (Winkler et al., 2002). Based on the
TPP bound structure, which shows few direct interac-
tions between the RNA and the thiazole ring, this dis-
crimination against BTP is not readily rationalized. Since
the aminopyrimidine and phosphate are identical be-
Figure 5. Changes in thi-Box RNA upon Binding Monophosphory-
lated Compounds
(A) Superposition of the thi-box riboswitch crystal structures bound
to TPP (colored as in Figure 2A) and TMP (gray). Structures were
superimposed through the C10 atoms of the pyrophosphate sensor
helix (residues 59–61, rmsd 0.3 A˚).
(B) Superposition of the thi-box riboswitch crystal structures bound
to TPP (blue and red) and BTP (gray). Structures are superimposed
as in (A) (rmsd 0.4 A˚).tween TMP and BTP, and since these appear to be the
only molecular surfaces of the ligand that contact the
RNA, the affinities of the two small molecules for the ribo-
switch might be expected to be comparable. However,
the disrupted thiazole ring of BTP may exhibit increased
conformational flexibility that the riboswitch would need
to overcome upon binding to BTP. This entropic penalty
may result in a decrease in affinity.
We solved the structure of a thi-box-BTP complex at
3.0 A˚ resolution (Table 1). The unbiased residual exper-
imental electron density corresponding to the ligand
clearly shows the positions of the aminopyrimidine
ring and the phosphate, as well as the electron-dense
sulfur atom. The electron density for the benzoyl group
is less well defined, but a crystallographic model can
be built that is consistent with the electron density and
does not incur steric clashes (Figure 3C). The phosphate
of BTP interacts with the pyrophosphate sensor helix
through two bound cations in a manner indistinguish-
able from that of the phosphate of TMP. Superposition
of the BTP and TPP bound thi-box structures shows
that, as in the case of TMP, the RNA becomes more
compact in order to bridge the pyrophosphate and py-
rimidine sensor helices with a shorter ligand (Figure 5B).
Although the length of the bound BTP is indistinguish-
able from that of the bound TMP (12.0 and 11.9 A˚, re-
spectively, from N3 of the aminopyrimidine to the phos-
phorus atom), the aminopyrimidine of BTP is positioned
less optimally in its binding pocket than the aminopyri-
midine of TMP (Figures 4B and 4C). Moreover, compar-
ison of the bound conformations of TPP, TMP, and BTP
shows that whereas the aminopyrimidine and thiazole
rings of TMP and TPP are approximately orthogonal,
BTP, which lacks the thiazole, adopts a more flat confor-
mation (Figure 4). Thus, it appears that the thi-box has
evolved to recognize the bent shape of its cognate
ligand, and that BTP is recognized with less affinity
because, lacking a thiazole ring, it does not adopt the
requisite conformation.
Structure of Thi -Box Bound to PT
The enzyme thiamine pyrophosphokinase converts the
prodrug PT into its active form, PTPP. PT and PTPP
bind the thi-box riboswitch with affinities comparable
to those of thiamine and TPP, respectively (Sudarsan
et al., 2005). In order to examine how the thi-box ribo-
switch recognizes a small molecule completely lacking
a phosphate, we solved the structure of a thi-box-PT
complex. Presumably due to the low affinity of the inter-
action, and because binding of the cognate ligand is re-
quired for the RNA to adopt a stable fold (see below),
these cocrystals are poorly ordered, and the resolution
of the crystallographic data was limited to 3.3 A˚ (Table 1).
Both the unbiased experimental electron density map
and a simulated annealing omit electron density map
show that, as expected, PT binds the thi-box riboswitch
near the pyrimidine sensor helix (Figure 3D). The quality
of the PT electron density at the current resolution limit
is not sufficient to establish whether the metabolite
adopts multiple conformations. However, our electron
density maps do indicate that the aminopyrimidine of
PT is not fully engaged with its binding site. The N3
and N4 atoms of the aminopyrimidine of PT are more
than 4.3 A˚ away from the N2 and N3 of G40. These
Structure
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Riboswitch
(A) The thi-box-TPP structure is shown; non-
conserved residues are depicted as gray
sticks, conserved residues are depicted by
red sticks, and TPP is depicted as green
sticks. The anomalous difference signal
from crystals grown in the presence of Mn2+
or soaked with Ba2+ is shown in dark-green
or dark-blue, respectively. The signal that
corresponds to symmetry-related metal ions
is noted by asterisks.
(B) The thi-box-TPP structure solved from
a crystal grown in the presence of Mn2+ re-
vealed the presence of Mn2+ (dark green),
Mg2+ (light green), or divalent metal ions
involved in crystal contacts (gray).
(C) The thi-box-TPP structure solved from a
crystal soaked with Ba2+ revealed the pres-
ence of Ba2+ (dark blue), Mg2+ ions (light
blue), or divalent metal ions involved in
crystal contacts (gray).distances are less than 3 A˚ in the TPP and TMP struc-
tures. Since the mean precision of the atomic coordi-
nates for the PT structure isw0.5 A˚ (Table 1), these dif-
ferences are significant, and they indicate that the two
hydrogen bonds between G40 and the aminopyrimidine
have been lost. The N1 of the aminopyrimidine still
makes a hydrogen bond (w2.5 A˚) with the 20-OH of
G19. Presumably, it is this hydrogen bond and the stack-
ing of the aminopyrimidine between G42 and A43 that
position the PT at a site where it is defined by the elec-
tron density.
The overall fold of the thi-box riboswitch when bound
to PT is similar to that seen in the other complexes.
However, the PT complex demonstrates the effect that
binding of a nonphosphorylated metabolite has on the
overall RNA structure. The pyrimidine sensor helix is
well ordered. In contrast, the pyrophosphate sensor he-
lix is largely disordered, with residues 60–63 of J4/5 and
75–79 of J5/4 poorly ordered or entirely lacking electron
density. Notably, we do not observe electron density
for G78, which makes inner sphere coordination to MA
in the TPP bound state (Figure 4A), nor do we observe
electron density for either metal ion. The absence of
any metal ion in the PT bound state suggests that, for
the regulatory ligand TPP (as well as for TMP and BTP),
the small molecule and the two divalent metal ions bind
concomitantly. In the area surrounding the poorly or-
dered J4/5, the lower part of stem P4 is well ordered
(residues 57–59 and 80–82), but stem P5 (residues 64–
66 and 73–75) has poor electron density. The unfolding
of J4/5 and J5/4, the relative disorder of the surrounding
base pairs, and the potential disruption of the U54-U79
interaction (Serganov et al., 2006) create a large cavity
in the RNA. Therefore, these regions of the riboswitch
might act as a portal for pyrophosphate entry into the
riboswitch, which closes upon TPP binding. Interest-
ingly, L5 still makes the intramolecular contacts with
stem P3 that appear to dock the pyrophosphate and
pyrimidine sensor helices in a near-parallel orientation,
as observed in the other metabolite bound structures.
However, we cannot exclude that crystal packing pro-
motes the L5-P3 interaction in the partly unfolded PT
structure, and that the L5-P3 interaction may not existin solution in complexes of the thi-box riboswitch with
nonphosphorylated compounds.
Divalent Cation Coordination
Previous biochemical studies have documented the de-
pendence of the thi-box riboswitch on Mg2+ for TPP
binding. For example, Yamauchi et al. (2005) found that
the affinity of the riboswitch for TPP was 50-fold higher
in the presence of 10 mM Na+ supplemented with 1 mM
Mg2+ than it was in the presence of 1 M Na+ or 10 mM
Na+ supplemented with 1 mM Ca2+. Coupling of metab-
olite and Mg2+ binding with folding of the thi-box ribo-
switch has also been documented recently by nuclear
magnetic resonance spectroscopy (Serganov et al.,
2006). We find crystallographically that at 10 mM con-
centrations Mn2+, Ca2+, or even Ba2+ can support TPP
recognition by the thi-box riboswitch.
As for all folded RNAs (reviewed by Draper, 2004),
most of the divalent counterions of the thi-box are ex-
pected to be diffuse and crystallographically undetect-
able. However, in addition to the two cations directly
involved in pyrophosphate recognition, we do observe
numerous partially desolvated and crystallographically
well-ordered metal ions in our structures. These metal
ion binding sites were confirmed through anomalous
difference Fourier syntheses by using data obtained
from crystals grown in Mn2+ or soaked with Ba2+ (Fig-
ure 6). Excluding metal ions involved in crystal contacts,
all of the observed divalent cations cluster around con-
served RNA residues that appear to undergo folding
upon ligand recognition. Two examples are divalent cat-
ion MC, which coordinates the highly irregular J3/2 bend
and appears to participate in structuring the aminopyri-
midine binding pocket (Figure 7A), and cation MD, which
bridges the adjacent P3 and P5 stems as they come
together around the bound metabolite (Figure 7B). Our
Ba2+ and Mn2+ data sets indicate that this latter metal
ion binding site is exclusively occupied by Mg2+. All
four metal ions, MA, MB, MC, and MD, appear to be largely
solvent inaccessible, as expected for metal ions that
chelate RNA, rather than form diffuse interactions
(Draper, 2004).
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Our crystallographic comparison of the structures of the
thi-box riboswitch in complex with four different ligands
follows a gradation from the optimal recognition of TPP
(and its two associated divalent cations), through sub-
optimal, but structurally similar, binding of the mono-
phosphorylated ligands TMP and BTP (both associated
with two divalent cations), to marginal binding of the
nonphosphorylated PT. Although binding constants be-
tween the E. coli thiM thi-box riboswitch and these four
Figure 7. Metal Ion Binding Coordination outside the TPP Binding
Site
(A) Interactions of metal ion MC (light-blue sphere), which was ob-
served to be Ca2+, Mn2+, or Ba2+ in our crystal structures, with N7
of G40 and the nonbridging phosphate oxygen atoms of G40 and
U39 in J3/2. The aminopyrimidine ring of TPP interacts with the
sugar edge of G40 while stacking between G42 and A43. In addition,
an inner sphere-coordinated water molecule (red sphere) of MC con-
tacts nonbridging phosphate oxygen atoms of G40 and U39. Hydro-
gen bonds are depicted as dashed lines, and inner sphere coordina-
tions are shown as solid lines.
(B) A Mg2+ ion (MD) is observed to bridge stem P5 of the pyrophos-
phate sensor helix and stem P2 of the pyrimidine sensor helix. MD
coordinates the 20-OH of U71 and a nonbridging phosphate oxygen
of C73 of the pyrophosphate sensor helix and N3 and the 20-OH of
the phylogenetically conserved G21 of the pyrimidine sensor helix.
Based on the absence of an anomalous signal and B factor refine-
ment, MD is modeled as Mg
2+. MD is observed in data sets obtained
from crystals that contained Mn2+ and Ba2+ in the crystallization res-
ervoir, but for which the thi-box RNA was folded in the presence of
Mg2+ prior to crystallization. MD was not observed in crystals grown
in the presence of Ca2+ and Mg2+, perhaps due to do the lower
resolution of this data set.compounds have not been measured directly in the
same study under identical conditions, approximate ap-
parent binding constants for thi-box aptamer domains
(from various bacterial and plant thi-box riboswitches)
published in the literature are 50–600 nM (TPP), 1 mM
(TMP), w40 mM (BTP) (Winkler et al., 2002), and 6 mM
(PT) (Sudarsan et al., 2005). In addition to changes in
the precise location of the functional groups of the small
molecules in relation to the pyrophosphate and pyrimi-
dine sensor elements of the riboswitches (Figure 4), we
observe a more global crystallographic correlate of tight
binding in the distribution of crystallographic B factors
(Figure 8). Structural interpretation of B factors is fraught
with caveats (Kuriyan and Weis, 1991). However, be-
cause all of our structures were solved with near-iso-
morphous crystals (and therefore the RNA makes similar
crystal contacts in all cases), and because the region of
the RNA that has the highest B factors in the BTP and PT
structures is the pyrophosphate sensor helix, we sug-
gest that the B factors in this case qualitatively reflect
the degree of order of the different segments of the
different thi-box RNA complexes.
Correlation between tight binding of the cognate me-
tabolite and structural stability of riboswitch RNAs has
been observed previously. The in-line probing assay
provides an indirect measure of local backbone mobility
(Soukup and Breaker, 1999). Breaker and coworkers
have used this technique extensively to document that
most riboswitch aptamer domains, including the thi-
box (Mandal and Breaker, 2004; Sudarsan et al., 2005;
Winkler et al., 2002), undergo a localized increase in
order upon ligand binding. Calorimetric and kinetic anal-
yses of ligand binding by the guanine riboswitch led Gil-
bert et al. (2006) to propose a structural mechanism for
ligand binding in which a partially disordered unliganded
state gives rise to an initial complex formed by simple
Watson-Crick pairing between guanine and the ribo-
switch, followed by ordering of a loop that encloses the li-
gand within its completed, solvent-inaccessible binding
site. Nuclease probing of the thi-box riboswitch, free and
bound to TPP, led Serganov et al. (2006) to propose that
P1, the pyrophosphate sensor helix, and the aminopyri-
midine binding pocket of this riboswitch become more
ordered upon ligand binding. Our results are in excellent
agreement with the results of these previous studies, and
they extend these findings by providing a residue-by-
residue description of increasing RNA organization that
accompanies binding of higher-affinity ligands.
Although these calculations have, as a caveat, the
local disorder of parts of the BTP and PT structures,
as well as the varying precision of the four structures,
it appears that the average solvent accessibility (normal-
ized on a per nucleotide basis and corrected for duplex
end exposure) of our RNA structures follows the trend in
affinity for the bound small molecule: 154 A˚2/nt (TPP),
158 A˚2/nt (TMP), 157 A˚2/nt (BTP), and 159 (A˚2/nt). These
accessibilities are comparable to those of similarly sized
RNAs (Ferre´-D’Amare´ and Doudna, 1999), such as the
hepatitis delta virus ribozyme (60 nt, 160 A˚2/nt) and
the minimal hammerhead ribozyme (41 nt, 166 A˚2/nt),
but larger than that of the P4-P6 domain of the Tetrahy-
mena group I intron (148 nt, 148 A˚2/nt). In contrast, the
buried surface areas (on a per Dalton basis) for each
thi-box ligand we have examined do not follow such
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(A) Temperature factors for the crystal structures of the E. coli thiM thi-box riboswitch bound to TPP are depicted on the molecular surface
representation as a color ramp from low (blue) to high (red). Metabolite and analogs are depicted in sticks. Helical elements are labeled.
(B) Temperature factors for the TMP complex.
(C) Temperature factors for the BTP complex.
(D) Temperature factors for the PT complex.a trend: 0.96 A˚2/Da (TPP), 1.06 A˚2/Da (TMP), 1.05 A˚2/Da
(BTP), and 1.06 A˚2/Da (PT). Thus, the degree of compac-
tion of the riboswitch appears to be a better predictor of
affinity than the extent of small-molecule burial.
Induced fit has been found to be an important aspect
of RNA-protein recognition (Leulliot and Varani, 2001;
Williamson, 2000), and in vitro-selected RNA molecules
have shown a remarkable ability to adapt their confor-
mations to accommodate their cognate small molecules
(Hermann and Patel, 2000). Here, we provide crystallo-
graphic evidence that the naturally occurring thi-box ri-
boswitch also adapts its conformation to accommodate
monophosphorylated metabolites in a manner similar to
the pyrophosphorylated regulatory ligand. By binding
to the pyrophosphorylated and monophosphorylated
compounds primarily through contacts with waters co-
ordinating to the two divalent metal ions, it appears
that the polyanionic RNA recognizes the anionic metab-
olites not as anions, but rather as positively charged
metal ion complexes. Is this a general feature of the ri-
boswitches that recognize phosphorylated small mole-
cules? The glmS riboswitch specifically recognizes its
regulatory ligand, glucosamine-6-phosphate, and uses
this small molecule to catalyze its self-cleavage (Barrick
et al., 2004). The crystal structure of the glmS ribozyme
demonstrates that, like the thi-box riboswitch, the glmS
ribozyme recognizes its cognate metabolite not as an
anion, but rather as a metal bound complex (Klein and
Ferre´-D’Amare´, 2006). Several RNA aptamers that bind
to phosphorylated compounds have been identified
through in vitro selection experiments. Three-dimen-
sional structures have been determined for several of
these aptamers bound to their ligands: AMP (Jiang
et al., 1996), ATP (Dieckmann et al., 1996), GTP (Car-
others et al., 2006), FMN (Fan et al., 1996), and vitamin
B12 (Sussman et al., 2000; Sussman and Wilson,
2000). None of these in vitro-selected aptamers appear
to have developed the same strategy for phosphate rec-
ognition as the thi-box or glmS riboswitches, and some
of them, such as the FMN aptamer, do not even appearto contact the phosphate. However, proteins that recog-
nize phosphorylated nucleotides, such as GTPases and
ATPases, invariably recognize the nucleotide triphos-
phate together with a bound divalent cation. The disor-
der-order transition of the pyrophosphate binding nu-
cleotides of the thi-box riboswitch we observe also
has a parallel in NTPase proteins (reviewed by Wit-
tinghofer, 2006), in which the P loop and switch regions
couple protein structure to triphosphate occupancy.
Experimental Procedures
RNA Preparation and Crystallization
The insert of plasmid pTB13, a pUC19 derivative that encodes the
thi-box riboswitch preceded by a hammerhead ribozyme and fol-
lowed by a VS ribozyme substrate stem-loop, was prepared by
PCR from overlapping synthetic oligonucleotides. RNA was tran-
scribed with T7 RNA polymerase from BamHI-linearized pTB13 es-
sentially as described (Ferre´-D’Amare´ and Doudna, 1996). The tran-
script (which contains 50-OH and 20,30-cyclic phosphate termini) was
purified by electrophoresis (12% polyacrylamide, 8 M urea gels),
passively eluted into water at 277 K overnight, and desalted and
concentrated by ultrafiltration.
Prior to crystallization, thi-box RNAs (150 mM) were incubated with
thiamine pyrophosphate (TPP) or analogs (0.5 mM) in 5 mM Tris-HCl
(pH 8.1), 3 mM MgCl2, 10 mM NaCl, 100 mM KCl, and 0.5 mM sper-
mine at 310 K for 30 min. Cocrystals were grown by vapor diffusion
of 3 ml sitting drops prepared by mixing equal volumes of an RNA-
small-molecule complex solution with a reservoir solution contain-
ing 26%–30% w/v polyethyleneglycol 2000, 0.2 M NH4Cl, 10 mM
CaCl2 (or MnCl2), and 50 mM Na cacodylate (pH 6.0). The cacodylate
buffer was replaced with succinate (pH 7.0) or BisTris (pH 6.5) for the
TMP and PT data sets, respectively. Elongated trigonal prisms grew
over 3–6 days to maximum dimensions of 1300 3 80 3 80 mm3. De-
naturing gel electrophoresis of dissolved crystals revealed that the
crystals consisted of intact RNA (not shown). Prior to data collection,
crystals were transferred to drops containing reservoir solution
supplemented with increasing concentrations of cryoprotectant, in
three steps. Final cryoprotectant concentrations were either 15%
w/v Ficoll 400 or 13%–23% w/v sucrose. Crystals were mounted in
nylon loops and flash frozen by plunging into liquid nitrogen. For
the Ba2+ data set, crystals grown in Ca2+ were transferred to a
new drop in which the CaCl2 was replaced by 60 mM BaCl2 and
were incubated for 7 days prior to cryoprotection and flash freezing.
Thi-Box Riboswitch-Pyrophosphate Recognition
1467Small-molecule ligands were purchased from Sigma-Aldrich and
used without further purification.
Data Collection, Structure Determination, and Refinement
Diffraction data were collected either in house or at beamlines 5.0.1
or 5.0.2 of the Advanced Light Source (ALS) and were reduced with
the program HKL (Otwinowski and Minor, 1997) (Table 1). The crys-
tals have the symmetry of space group P3212, contain 60% solvent,
and have one complex per asymmetric unit. The structure of the
Mn2+-containing thi-box-TPP complex was solved by molecular re-
placement, in which the A. thaliana TPP riboswitch structure (Thore
et al., 2006) (PDB file 2CKY) was employed as a search model in
the program EPMR (Kissinger et al., 1999). Rigid-body refinement
of the top solution (which had a correlation coefficient of 0.46) fol-
lowed by grouped B factor refinement resulted in Rfree/Rcryst factors
of 46.3%/47.1%. Rounds of manual rebuilding (Jones et al., 1991)
interspersed with simulated-annealing, conjugate gradient minimi-
zation, and restrained individual B factor refinement against a maxi-
mum likelihood target (Bru¨nger et al., 1998) yielded the current crys-
tallographic model (Table 1). The TPP and crystallographically
ordered metal ions and waters were added in the final stages of re-
finement. A model lacking the TPP and adjacent metal ions and their
inner sphere-coordinated water molecules was used to initiate ei-
ther rigid-body refinement or molecular replacement against the
other data sets. Refinement for the subsequent structures was car-
ried out in the same manner (Table 1). Small-molecule coordinates,
parameter files, and topology files were obtained from the HIC-UP
server (Kleywegt and Jones, 1998) for TPP, TMP, and PT; the coor-
dinate file for BTP was obtained from its crystal structure (Shin et al.,
1993). Figures were generated with PyMol (DeLano, 2002) and
RIBBONS (Carson, 1997). Superposition of C10 atoms of our E. coli
thi-box crystal structure with the A. thaliana crystal structure (Fig-
ure 2A) was done in O (Jones et al., 1991).
Acknowledgments
We thank J. Miranda-Rı´os and M. Sobero´n for initiating this project;
T. Hamma, D. Klein, J. Pitt, A. Roll-Mecak, and B. Stoddard for dis-
cussions; J. Bolduc for assistance with in-house data collection; and
the staff at beamlines 5.0.1 and 5.0.2 of the Advanced Light Source
for synchrotron data collection support. T.E.E. is a Damon Runyon
Fellow, and A.R.F. is a Distinguished Young Scholar in Medical
research of the W.M. Keck Foundation. This work was supported
by grants from the Damon Runyon Cancer Research Foundation
(DRG-1844-04 to T.E.E.), the National Institutes of Health
(GM63576), and the W.M. Keck Foundation.
Received: June 21, 2006
Revised: July 28, 2006
Accepted: July 31, 2006
Published: September 12, 2006
References
Babaei-Jadidi, R., Karachalias, N., Ahmed, N., Battah, S., and Thor-
nalley, P.J. (2003). Prevention of incipient diabetic nephropathy by
high-dose thiamine and benfotiamine. Diabetes 52, 2110–2120.
Barrick, J.E., Corbino, K.A., Winkler, W.C., Nahvi, A., Mandal, M.,
Collins, J., Lee, M., Roth, A., Sudarsan, N., Jona, I., et al. (2004).
New RNA motifs suggest an expanded scope for riboswitches in
bacterial genetic control. Proc. Natl. Acad. Sci. USA 101, 6421–6426.
Batey, R.T. (2006). Structures of regulatory elements in mRNAs.
Curr. Opin. Struct. Biol. 16, 299–306.
Batey, R.T., Gilbert, S.D., and Montange, R.K. (2004). Structure of
a natural guanine-responsive riboswitch complexed with the metab-
olite hypoxanthine. Nature 432, 411–415.
Bru¨nger, A.T., Adams, P.D., Clore, G.M., DeLano, W.L., Gros, P.,
Grosse-Kunstleve, R.W., Jiang, J.S., Kuszewski, J., Nilges, M.,
Pannu, N.S., et al. (1998). Crystallography & NMR system: a new
software suite for macromolecular structure determination. Acta
Crystallogr. D Biol. Crystallogr. 54, 905–921.Carothers, J.M., Davis, J.H., Chou, J.J., and Szostak, J.W. (2006).
Solution structure of an informationally complex high-affinity RNA
aptamer to GTP. RNA 12, 567–579.
Carson, M. (1997). Ribbons. Methods Enzymol. 277, 493–505.
DeLano, W.L. (2002). The PyMOL Molecular Graphics System (San
Carlos, CA: DeLano Scientific).
Dieckmann, T., Suzuki, E., Nakamura, G.K., and Feigon, J. (1996).
Solution structure of an ATP-binding RNA aptamer reveals a novel
fold. RNA 2, 628–640.
Draper, D.E. (2004). A guide to ions and RNA structure. RNA 10, 335–
343.
Fan, P., Suri, A.K., Fiala, R., Live, D., and Patel, D.J. (1996). Molecular
recognition in the FMN-RNA aptamer complex. J. Mol. Biol. 258,
480–500.
Ferre´-D’Amare´, A.R., and Doudna, J.A. (1996). Use of cis- and trans-
ribozymes to remove 50 and 30 heterogeneities from milligrams of
in vitro transcribed RNA. Nucleic Acids Res. 24, 977–978.
Ferre´-D’Amare´, A.R., and Doudna, J.A. (1999). RNA folds: insights
from recent crystal structures. Annu. Rev. Biophys. Biomol. Struct.
28, 57–73.
Gilbert, S.D., Stoddard, C.D., Wise, S.J., and Batey, R.T. (2006).
Thermodynamic and kinetic characterization of ligand binding to
the purine riboswitch aptamer domain. J. Mol. Biol. 359, 754–768.
Griffiths-Jones, S., Moxon, S., Marshall, M., Khanna, A., Eddy, S.R.,
and Bateman, A. (2005). Rfam: annotating non-coding RNAs in com-
plete genomes. Nucleic Acids Res. 33, D121–D124.
Hermann, T., and Patel, D.J. (2000). Adaptive recognition by nucleic
acid aptamers. Science 287, 820–825.
Jiang, F., Kumar, R.A., Jones, R.A., and Patel, D.J. (1996). Structural
basis of RNA folding and recognition in an AMP-RNA aptamer com-
plex. Nature 382, 183–186.
Jones, T.A., Zou, J.Y., Cowan, S.W., and Kjeldgaard. (1991). Im-
proved methods for building protein models in electron density
maps and the location of errors in these models. Acta Crystallogr.
A 47, 110–119.
Kissinger, C.R., Gehlhaar, D.K., and Fogel, D.B. (1999). Rapid auto-
mated molecular replacement by evolutionary search. Acta Crystal-
logr. D Biol. Crystallogr. 55, 484–491.
Klein, D.J., and Ferre´-D’Amare´, A.R. (2006). Structural basis of glmS
ribozyme activation by glucosamine-6-phosphate. Science, in
press.
Kleywegt, G.J., and Jones, T.A. (1998). Databases in protein crystal-
lography. Acta Crystallogr. D Biol. Crystallogr. 54, 1119–1131.
Kubodera, T., Watanabe, M., Yoshiuchi, K., Yamashita, N., Nishi-
mura, A., Nakai, S., Gomi, K., and Hanamoto, H. (2003). Thiamine-
regulated gene expression of Aspergillus oryzae thiA requires splic-
ing of the intron containing a riboswitch-like domain in the 50-UTR.
FEBS Lett. 555, 516–520.
Kuriyan, J., and Weis, W.I. (1991). Rigid protein motion as a model for
crystallographic temperature factors. Proc. Natl. Acad. Sci. USA 88,
2773–2777.
Leulliot, N., and Varani, G. (2001). Current topics in RNA-protein rec-
ognition: control of specificity and biological function through in-
duced fit and conformational capture. Biochemistry 40, 7947–7956.
Mandal, M., and Breaker, R.R. (2004). Gene regulation by ribo-
switches. Nat. Rev. Mol. Cell Biol. 5, 451–463.
Miranda-Rios, J., Navarro, M., and Soberon, M. (2001). A conserved
RNA structure (thi box) is involved in regulation of thiamin biosyn-
thetic gene expression in bacteria. Proc. Natl. Acad. Sci. USA 98,
9736–9741.
Mironov, A.S., Gusarov, I., Rafikov, R., Lopez, L.E., Shatalin, K., Kre-
neva, R.A., Perumov, D.A., and Nudler, E. (2002). Sensing small
molecules by nascent RNA: a mechanism to control transcription
in bacteria. Cell 111, 747–756.
Nudler, E., and Mironov, A.S. (2004). The riboswitch control of bac-
terial metabolism. Trends Biochem. Sci. 29, 11–17.
Otwinowski, Z., and Minor, W. (1997). Processing of x-ray diffraction
data collected in oscillation mode. Methods Enzymol. 276, 307–326.
Structure
1468Rodionov, D.A., Vitreschak, A.G., Mironov, A.A., and Gelfand, M.S.
(2002). Comparative genomics of thiamin biosynthesis in procary-
otes. New genes and regulatory mechanisms. J. Biol. Chem. 277,
48949–48959.
Serganov, A., Yuan, Y.R., Pikovskaya, O., Polonskaia, A., Malinina,
L., Phan, A.T., Hobartner, C., Micura, R., Breaker, R.R., and Patel,
D.J. (2004). Structural basis for discriminative regulation of gene ex-
pression by adenine- and guanine-sensing mRNAs. Chem. Biol. 11,
1729–1741.
Serganov, A., Polonskaia, A., Phan, A.T., Breaker, R.R., and Patel,
D.J. (2006). Structural basis for gene regulation by a thiamine pyro-
phosphate-sensing riboswitch. Nature 441, 1167–1171.
Shin, W., Cho, S.W., and Chae, C.H. (1993). Structure of benfoti-
amine hemihydrate. Acta Crystallogr. C C49, 294–298.
Soukup, G.A., and Breaker, R.R. (1999). Relationship between inter-
nucleotide linkage geometry and the stability of RNA. RNA 5, 1308–
1325.
Soukup, J.K., and Soukup, G.A. (2004). Riboswitches exert genetic
control through metabolite-induced conformational change. Curr.
Opin. Struct. Biol. 14, 344–349.
Sudarsan, N., Barrick, J.E., and Breaker, R.R. (2003). Metabolite-
binding RNA domains are present in the genes of eukaryotes. RNA
9, 644–647.
Sudarsan, N., Cohen-Chalamish, S., Nakamura, S., Emilsson, G.M.,
and Breaker, R.R. (2005). Thiamine pyrophosphate riboswitches
are targets for the antimicrobial compound pyrithiamine. Chem.
Biol. 12, 1325–1335.
Sussman, D., and Wilson, C. (2000). A water channel in the core of
the vitamin B(12) RNA aptamer. Structure 8, 719–727.
Sussman, D., Nix, J.C., and Wilson, C. (2000). The structural basis for
molecular recognition by the vitamin B 12 RNA aptamer. Nat. Struct.
Biol. 7, 53–57.
Thore, S., Leibundgut, M., and Ban, N. (2006). Structure of the eu-
karyotic thiamine pyrophosphate riboswitch with its regulatory
ligand. Science 312, 1208–1211.
Tucker, B.J., and Breaker, R.R. (2005). Riboswitches as versatile
gene control elements. Curr. Opin. Struct. Biol. 15, 342–348.
Vitreschak, A.G., Rodionov, D.A., Mironov, A.A., and Gelfand, M.S.
(2004). Riboswitches: the oldest mechanism for the regulation of
gene expression? Trends Genet. 20, 44–50.
Williamson, J.R. (2000). Induced fit in RNA-protein recognition. Nat.
Struct. Biol. 7, 834–837.
Winkler, W.C. (2005). Riboswitches and the role of noncoding RNAs
in bacterial metabolic control. Curr. Opin. Chem. Biol. 9, 594–602.
Winkler, W.C., and Breaker, R.R. (2003). Genetic control by metabo-
lite-binding riboswitches. ChemBioChem 4, 1024–1032.
Winkler, W.C., and Breaker, R.R. (2005). Regulation of bacterial gene
expression by riboswitches. Annu. Rev. Microbiol. 59, 487–517.
Winkler, W.C., Nahvi, A., and Breaker, R.R. (2002). Thiamine deriva-
tives bind messenger RNAs directly to regulate bacterial gene ex-
pression. Nature 419, 952–956.
Winkler, W.C., Nahvi, A., Roth, A., Collins, J.A., and Breaker, R.R.
(2004). Control of gene expression by a natural metabolite-respon-
sive ribozyme. Nature 428, 281–286.
Wittinghofer, A. (2006). Phosphoryl transfer in Ras proteins, conclu-
sive or elusive? Trends Biochem. Sci. 31, 20–23.
Yamauchi, T., Miyoshi, D., Kubodera, T., Nishimura, A., Nakai, S.,
and Sugimoto, N. (2005). Roles of Mg2+ in TPP-dependent ribo-
switch. FEBS Lett. 579, 2583–2588.
Accession Numbers
Atomic coordinates and structure factor amplitudes have been de-
posited with the RCSB Protein Data Bank under accession codes
2HOJ (TPP, Mn2+), 2HOK (TPP, Ca2+), 2HOL (TPP, Ba2+), 2HOM
(TMP), 2HOO (BTP), and 2HOP (PT).
